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Friction between dielectric surfaces produces patterns of fixed, stable electric charges that in turn contribute 
electrostatic components to surface interactions between the contacting solids. The literature presents a 
wealth of information on the electronic contributions to friction in metals and semiconductors but the effect 
of triboelectricity on friction coefficients of dielectrics is as yet poorly defined and understood. In this work, 
friction coefficients were measured on tribocharged polytetrafluoroethylene (PTFE), using three different 
techniques. As a result, friction coefficients at the macro- and nanoscales increase many-fold when PTFE 
surfaces are tribocharged, but this effect is eliminated by silanization of glass spheres rolling on PTFE. In 
conclusion, tribocharging may supersede all other contributions to macro- and nanoscale friction 
coefficients in PTFE and probably in other insulating polymers. 



Triboelectricity is formed whenever two solids rub, slide or roll on each other 1,2 and the resulting charges on 
both surfaces contribute electrostatic forces to their mutual interactions 3 . Attraction between oppositely 
charged surfaces should push the solids together thus requiring additional pull to slide one solid on the other, 
according to Amontons' law 4 ' 5 . Surprisingly, the extent of the effect of triboelectricity on friction coefficients has 
not yet been demonstrated for friction between two dielectric solids at the macroscale, under well-defined 
conditions, even though many authors have raised this possibility in other cases. In a recent review 6 on friction 
and energy dissipation mechanisms in adsorbed molecules and molecular thin films, Krim states that insulating 
materials undergo contact electrification and subsequent charge transfer to a passing AFM tip that result in large 
electrostatic frictional forces. According to Krim, studies of this effect are quite challenging, yet increasingly 
important. 

In the nanoscale there is rich information on the electronic and phononic contributions to friction in metals 
and semiconductors. Park et al. 7 ' 8 studied the electronic contributions to friction in silicon pn junctions and Qi et 
al. 9 examined GaAs, while Altfeder and Krim 10 studied levitation and atomic-scale friction of Fe on YBCO by 
magnetic force microscopy. They discussed the results considering the underlying atomic-scale electronic and 
phononic mechanisms that give rise to friction and the later concluded "that contact electrification and static 
electricity may play a significant role in the non- superconducting phase". These authors further suggest that static 
electricity effects should be included in comprehensive atomic-scale treatment of friction whenever insulating 
materials are involved. These examples show that nanotribology is currently a dynamic area that is bringing new 
information relevant to the comprehension of macroscopic friction phenomena 11 . 

Budakian and Putterman 12 did macroscopic measurements of metal-insulator (poly(methyl methacrylate) - 
gold ball) surfaces in relative motion and found a quantitative correlation between charge and friction, suggesting 
that triboelectrification and friction have a common origin. 

The effect of triboelectricity on macroscopic friction coefficients in metals was also demonstrated using films 
coated with self- assembled monolayers 13 , electrodes 14 and bearing steel 15 . The effect of AC and DC fields on 
friction angle of steel on PZT (lead zirconium titanate) was also observed by Seto 16 who found equal effects of 
positive and negative bias. 

However, the models and mechanisms described in the literature for friction and wear seldom mention the 
tribocharging effects that are necessarily observed whenever two solids are in mutual contact and these have not 
been considered in a recent and detailed experimental-theoretical analysis 17 . Classical work on the validity of 
Amontons' law assigns the effect of increasing normal forces on friction to the plastic and elastic deformation of 
surface protuberances and increasing contact area 1819 . Another classical paper demonstrated mass transfer 
between PTFE surfaces sliding on other solids, which were considered to be the main factor for decreased friction 
coefficients 20 but without considering the associated charge effects. Current work on friction acknowledges a 
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number of surface composition (including adsorbed layers 21 ), mor- 
phology, environment, geometry 22 and other factors on friction coef- 
ficients. Great progress in this direction was obtained thanks to the 
introduction of scanning probe techniques that led to progress in 
relating surface molecular features to friction coefficients, in the 
nanoscale 6 " 11 ' 23,24 . To achieve control of the charging state of the 
surface, this work is often done on samples immersed in aqueous 
solutions 25 that is adequate from the fundamental point of view but is 
not relevant to dry insulator surfaces. Thus, results on dry insulating 
surfaces did not yet provide direct information on their electric state 
but these are likely to be more or less charged while friction measure- 
ments are being performed, even in nanocomposite 26 and other sys- 
tems specially designed for tribological applications. A careful recent 
work on this subject closes by stating some questions, and the fol- 
lowing one clearly presents the problem: "What are the mechanisms 
of the charging phenomena, of charge trapping- detrapping and of 
charge movement? Is this related to stresses in the material under 
pressure or during rubbing 27 ?" 

We assign the current backward situation in dielectrics to the still 
widespread lack of understanding of the mechanisms and patterns of 
electrostatic charging of insulators, at the atomic-molecular level 28 , as 
opposed to metals and semiconductors. This can be understood 
considering the state of knowledge on contact and tribocharge 
formation at the molecular level and it was expressed by Ireland 29 
in this phrase: "The primary obstacle to inclusion of sliding triboe- 
lectrification into our model is the mysterious and complex nature of 
the process". Many authors have reviewed this topic 28,30 pointing to 
the open questions and opposing views concerning the nature of the 
charge-bearing species, including conflicting conclusions on the rela- 
tive importance of electrons or ions. 

The mutual effect of electrostatic forces between charged dielec- 
trics on friction coefficients has been shown only indirectly as yet, in 
the literature. For instance, macroscopic crystals were formed by self- 
assembly of polymer spheres charged by contact electrification 31 and 
surface charging by scratching with a scanning AFM tip was also 
observed 32 . In a different context, the force applied to textile thread 
was shown to depend on the nature and electrostatic charging ability 
of the sliding thread supports 33 . Nakayama 34 scratched sintered alu- 
mina, soda lime glass, Si 3 N 4 and PTFE with a diamond stylus, finding 
concurrent changes between potential and friction force. 

Fortunately, steep progress has been achieved in the last few 
years 30 . Recent work from the present authors 35 showed the forma- 
tion of macroscopic charge patterns in solid surfaces, instead of the 
often assumed uniform charging due to one-way charge transfer, 
which is implicit in the widespread but disputed 36 concept of tribo- 
electric series 2 . It is now clear that rubbing two polymers or a polymer 
and glass causes the formation of domains with excess positive 
charge side by side with domains with excess negative charge in both 
contacting solid surfaces, even though the overall charge on each 
solid is non-zero. Moreover, it is now clear that in the tribocharged 
polytetrafluoroethylene (PTFE) -polyethylene (PE) pair the positive 
ions derive from mechanochemical transformation of PE chains 
while the negative ions derive from PTFE 35 . Both types of ions are 
selectively extracted by rinsing with common solvents and this is now 
the basis for a simple but effective technique for static charge removal 
from polymers and other insulators 37 . 

Besides, it is now possible to prepare stable, charged macroscopic 
dielectric polymer surfaces 35 e.g. by sliding glass over a PTFE film that 
produces a largely negative surface with lower local variations than 
other pairs of materials. Half-life for potential decay in these surfaces 
is in the range of a few days so that samples can be prepared for 
mapping static potential distribution on their surfaces and they can 
be selected for further use as well-defined and stable charged polymer 
surfaces. In this work, they were used to measure the friction coef- 
ficient dependence on the electrostatic surface potential of an insu- 
lator, for the first time. 



Results 

Four sets of results are described here, on rolling 38 ' 39 and sliding 
friction. In some experiments, PTFE was tribocharged prior to mea- 
suring the friction coefficients, while in others tribocharge formation 
was followed by observing particle immobilization on the PTFE 
substrate. In one of these, static friction coefficients were measured 
on the tribocharged particles. 

The first set of data shows that rolling friction of glass spheres 
increases with electrostatic potential on PTFE films. These were 
previously charged by repeatedly rubbing flat glass over PTFE and 
thus producing PTFE films with electrostatic potential in the + 300 to 
— 3.300 V range, as shown in Fig. la. Neutral glass spheres roll over 
charged PTFE but they quickly stop, after moving for only a fraction 
of the distance observed in uncharged PTFE, showing that film char- 
ging introduces a powerful mechanism for mechanical energy dis- 
sipation. The widely used standard for friction assessment, the 
coefficient of rolling resistance (CoRR) of glass spheres on charged 
films was measured and it is shown in Fig. lb, as a function of the 
average potential on the film. CoRR increases many-fold in charged 
PTFE, in a potential range that is easily achieved by rubbing this 
polymer with glass and other common materials. On the other hand, 
as seen in Fig. 2, CoRR is unaltered when hydrophobic glass beads 
prepared by treating with CH 3 SiCl roll over tribocharged PTFE. 

In a related experiment, uncharged glass spheres are placed on the 
surface of an uncharged, framed PTFE film and the whole setup is 
mounted on a reciprocating table. The beads move quickly and inde- 
pendently to start with but they later form clusters and stop. Fig. 3 
shows three sum images obtained at different times, from the start to 
later in the experiment. Initially, the sum image shows little super- 
position of the spheres in successive pictures but at longer times 
superposition is easily observed, showing that many spheres are 
immobilized or slowed-down (see Supplementary Fig. SI). A photo 
of the spheres at the end of the experiment is also shown, together 
with two potential maps, one obtained by scanning the spheres over 
the film and another acquired after removing the beads by quickly 
turning the film upside down. It is clear from the last image that the 
areas where beads accumulate and park are negative but the beads are 
positive so that the bead-covered film areas are closer to neutral. The 
fallen beads were collected in a Faraday cup and their charge was 
measured, +5.56 ± 0.02 nC/g. 

The effect of tribocharging on sliding friction was examined by 
sliding polyethylene (PE) pellets on PTFE film, until they were 
immobilized by triboelectrification. Friction angles and static friction 
coefficients /n s = tan 0 40 were then measured and they are shown in 
Fig. 4. The distribution of friction angles of uncharged PE pellets and 
PTFE peaks at 40° but it spreads towards much higher and also to 
lower angles (>90° down to 30°) after a short sliding time. 

These macroscopic results led us to consider the effect of tribo- 
charges on lateral force microscopy (LFM) 41 measurements. This 
technique has been invaluable in providing friction data with high 
spatial resolution and it has attracted the attention of many distin- 
guished authors, concerned with calibration procedures 42 " 47 and 
adhesion 48 ' 49 effects on friction, derived from surface energies 50 mea- 
sured at the nanometric scale. 

To verify the effect of tribocharges on LFM measurements, PTFE 
samples were tribocharged with glass and then LFM images were 
acquired and the results are displayed in Fig. 5, showing that lateral 
force is close to zero on uncharged PTFE but it largely increases when 
the polymer surface potential is previously tribocharged. 

The roughness of the lateral force vs. distance in Fig. 5c is also 
much higher for the charged sample and the average fractal dimen- 
sion D in Fig. 5 (see Supplementary Fig. S4 and S5) is 1.69 ± 0.04. 
This can be compared to data for electrostatic potential vs. distance in 
polymer surfaces 51 , D = 1.67 ± 0.05 (see Supplementary Fig. S6 and 
S7) while the fractal dimension of surface topography profiles is 
significantly lower, 1.53 ± 0.04. Fractal dimensions of lines scanned 
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Figure 1 | Determination of CoRR of glass beads rolling on tribocharged PTFE surfaces, (a) The potential map for each plate used, (b) CoRR versus 
average surface potential of tribocharged PTFE plates. Vertical error bars are mean standard deviations from ten replicate measurements while the 
horizontal bars are standard deviations of average potential for all the pixels on each plate. 
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Figure 2 | CoRR measurements of different glass beads. Comparison between the effects of PTFE tribocharging on silanized and neat glass spheres. No 
tribocharging effect is observed on silanized spheres. 
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Figure 3 | Triboelectrification of PTFE with rolling glass beads, (a), (b) and (c) are the sum images of two subsequent frames ( 1 s apart) where the beads 
from the first frame are false-colored red, those from the second frame are green and the yellow areas are thus the result of particle superposition in 
two consecutive frames, revealing the slow-moving or immobilized particles, (d) Picture of glass beads after 300 minutes shaking over PTFE on a 
planetary table; (e) the respective electrostatic map, where the areas covered with beads are less negative than most bare areas. The electrostatic map shown 
in (f) was obtained by scanning the PTFE film but after removing the glass beads; potential on the bead-trapping areas is largely negative (< — 3 kV) (See 
also Supplementary Video online). 
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Figure 4 | Tribocharging effect on friction angles of PE pellets on PTFE. (a) Control measurement using unshaken pellets (top) and the distribution of 
values obtained by averaging the results of 13 shaking runs using 30 pellets each (bottom). Potential maps of: (b) PE pellets on clean PTFE prior to 
shaking, (c) pellets shaken for 300 seconds on PTFE and (d) PTFE after removal of PE pellets. Error bars are standard deviations of the average. 
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along potential distribution maps and lateral force maps are in the topography images in Fig. 5 show that surface morphology is largely 

same range and this is easily understood considering that they have a modified in the tribocharging process when broad stripes are formed, 

common origin: local tribocharge excess determines both surface but the relevant line profile fractal coefficients are not altered. Thus, 

potential and tip-surface friction coefficient. Incidentally, the AFM the connection between macroscale and nanoscale charge- dependent 
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Figure 5 | Lateral Force Microscopy (LFM) of neutral and tribocharged PTFE sheets. Topography (left) and lateral force images (right) obtained by 
LFM on (a) cleaned and (b), (c) tribocharged (average potential indicated on each sample, was measured with a macroscopic Kelvin probe) PTFE 
samples. Loop of friction signal profiles traced in LFM images are shown in (d). See also Supplementary Fig. S4. 
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friction phenomena is established by the fractal nature of charge 
distribution patterns. 

Finally, charge induction on the AFM tip was verified by mea- 
suring force-distance (Fd) curve 52 that yield information on surface 
interactions, adhesion, elasto-plastic properties and even glass trans- 
ition temperature 53 , which makes it a fundamental tool in surface 
science. Fd curves were obtained for neutral and previously tribo- 
charged PTFE, yielding the results shown in Fig. 6. Tip interaction 
with neutral PTFE is negligible, until short distance is attained and 
van der Waals attraction effect is observed. Force dependence on 
penetration depth as well as tip-sample adhesion are observed, as 
usual. Following tip detachment from the surface, its interaction with 
PTFE is also negligible. On the other hand, when PTFE is tribo- 
charged, tip attraction during tip approach (but not during retrac- 
tion) is observed at distances in excess of 500 nm 54,55 . Moreover, 
tip -surface adhesion is largely increased. The hysteresis on Fd curves 
that is evidenced by the non-overlap of approach and retract curves, 
is typical for elasto-plastic materials like polymers and it is largely 
due to viscous forces that dissipate mechanical energy while the 
cantilever is retracted 52 ' 53 . It is remarkable that Coulombian interac- 
tions are not observed between the leaving tip and the surface. This 
may be assigned to either net neutralization of the surface or to tip 
coating with PTFE fragments, making it hydrophobic as in the glass 
silanization experiment. 

Discussion 

The results presented in this paper provide direct and quantitative 
data showing that tribocharging makes a major contribution to fric- 
tion coefficients of insulators, at least in the case of the common 
materials used in this work. This answers another open question in 
the literature ("What is the quantitative part of the electrostatic 
forces in surface forces compared to other contributions?" 27 ), since 
friction coefficients in charged polymer surfaces are many times 
larger than in the absence of charge. 

The present results show that the electrostatic effects observed at 
the microscopic scale 17 are also decisive in macroscopic experiments: 
charged outer surface layers increase friction due to the contribution 
of Coulomb forces to normal force. The intervening mechanism 
receives contributions from both increased adhesion between sur- 
faces and increased contact area between the contacting surfaces, 



depending on their respective viscoelastic properties 20,56 . This is 
within the framework set by Gao et al. 17 , when these authors con- 
cluded that "The trends obtained through molecular dynamics (MD) 
simulations agree with recent and past experiments and with 
Amontons' law, and they suggest that the local energy- dissipating 
mechanisms are not merely "mechanical", as assumed in most mod- 
els, but "thermodynamic" in nature...." Concerning the CoRR mea- 
surements on glass surfaces, we recall that charge induction in 
hydrophilic surfaces is now well established 57 but there is not, at this 
point in time, sufficient data to allow the development of a quant- 
itative model for friction dependence on surface potential due to 
tribocharges. Nevertheless, the effect of tribocharges on rolling fric- 
tion is effectively suppressed by surface modification of glass beads, 
showing how simple surface modification procedures can effectively 
control friction. 

However, the control experiments of CoRR measurement using 
the PP film coated with biased aluminum film and PP electrets (see 
Supplementary Table SI) prevent us from presenting a broadly 
applicable and detailed model for the effect of static charges on 
friction, which has to wait for further detailed examination of other 
systems. 

Tribocharging PE pellets with PTFE leads to much higher friction 
angles but also to a few lower values and this is understood by recal- 
ling that friction between these two solids produces mostly negative 
but also some positive domains 35 on PTFE that are seen in Fig. 4d, 
while PE pellets are largely positive. When positive areas on PE and 
PTFE face each other, repulsion contributes to lower the static fric- 
tion coefficient (see Supplementary Fig S2). 

An important issue is the presence of water 58 thin islands or pores 59 
on PTFE surfaces, under 50% relative humidity. Water vapor has a 
complex effect on electrostatic charging of surfaces. On hydrophilic 
isolated solids it donates charge 60 but in isolated hydrophobic sur- 
faces it contributes to charge dissipation that is very slow. The half- 
life of corona- charged polyethylene under 60% RH is ca. 30 hours 61 
and tribocharged PTFE does not show significant charge decay up to 
60 hours, at 60% RH 35 . Results on the effect of humidity on adhesion 
and friction coefficients for hydrophobic polymer surfaces are given 
by Jung and Bhushan 62 . Friction coefficients of a borosilicate glass 
ball probe on PMMA and PS coated with perfluorodecyltriethoxisi- 
lane self- assembled monolayers are lower than 0.1 and they change 
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Figure 6 | Force-distance (Fd) curves on tribocharged PTFE. Fd curves for approach and retraction of a silicon nitride tip from neat, uncharged PTFE 
and tribocharged PTFE. Average potential measured over the polymer with a macroscopic Kelvin electrode is — 192 V. 
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by less than 10% when the humidity increases from 5 to 80%. Thus, 
the large effects observed in the present work cannot be assigned to 
neither are they countered by adsorbed water. 

Previously detected tribocharging 15 in steel samples is transient, 
causing only short-lived spikes in the friction coefficients - quite 
different from the steady charging of PTFE. This produces an inter- 
esting difference between these systems: clean steel surfaces show 
higher friction coefficients than the oxidized ones, while clean poly- 
mer surfaces show lower friction coefficients than tribocharged ones. 

Most important, knowing that polymer friction produces charges 
that in turn contribute to increased friction coefficients allows us to 
avoid experimental limitations imparted by electrical charge effects 
to macro and micromachines 27 by using effective charge removal or 
by suppressing charge formation, using techniques described in 
recent work from this group 35,37 or chemical surface modification, 
as in this work. For most polymers, charged species are easily 
removed by immersion in ethanol or propanol and charge formation 
is suppressed by mildly swelling their surfaces with these and other 
common liquids. It is interesting to observe that the effect of alcohol 
vapour 63 on friction coefficients in diamond- coated and other well- 
defined surfaces has been demonstrated 64 ' 65 but the involved 
mechanisms are not yet clearly defined. 

Since tribocharge patterns are fractal, their contribution to friction 
coefficients is also fractal. This conclusion can prove helpful in allow- 
ing us to interpret macroscopic friction phenomena as the result of 
microscopic interactions. 

To conclude, tribocharges produced by friction have a large effect 
on the friction coefficients of dielectrics that may exceed all other 
factors for mechanical energy dissipation. Controlling surface elec- 
trostatics should thus open the way to new approaches for control- 
ling friction in many important systems and equipment. 

Methods 

Sample preparation. Polytetrafluoroethylene (PTFE) sheets for technical use were 
washed with water and immersed in ethanol for 2 hours prior to tribocharging 
experiments. Precision soda lime glass beads (type P, 2.5 mm diameter, Sigmund 
Lindner) were cleaned with boiling ethanol in a Soxhlet apparatus for 2 hours. 
Silanization was done by dipping glass beads in NaOH/H 2 0/ethanol 1:2:2 (w/w) 
solution for 60 minutes, followed by rinsing with ethanol and dried at 65°C for 12 
hours. After drying time, glass beads were immersed in an alcohol solution of 10% (w/ 
w) of trimethylchlorosilane (Me 3 Si-Cl) for 8 hours, rinsed with ethanol, dried and 
reserved in a desiccator. 

Tribocharging techniques. Two tribocharging techniques procedures were used: (a) 
Square sheets (10 X 10 cm 2 ) of PTFE were supported on an aluminum holder and 
rubbed with soda lime glass sheet or felt wool 66 (14 X 14 cm 2 ) with pressure adjusted 
to 1.0 ±0.15 kPa that was slid for 4 cm at the speed of 1 cms" 1 ; (b) PTFE (5 X 5 cm 2 ) 
was mounted on top of a framed aluminium plate that laid on the horizontal table of a 
shaking table with 2 g of glass beads spread on top of the sample and the set-up was 
shaken for 4 hours, at 5 Hz reciprocating frequency and 10 mm amplitude. 

Friction measurements. Coefficient of rolling resistance (CoRR) measurements 
followed the ASTM Standard (G194-08). Glass beads were placed at a height h = 
1.25 mm on an aluminum smooth ramp with 10 degrees inclination angle and then 
allowed to roll down onto a flat tribocharged PTFE surface. The distance roamed by 
each sphere on the PTFE surface, d, was measured with a caliper (±0.05 mm, 
Mitutoyo), and CoRRs were calculated as the hid ratio. These experiments were 
performed on a leveling table (micro-g 63-552, TMC). 

Friction angle measurements and static friction coefficients were obtained using an 
inclined plane built in the departmental workshop. Samples were clean, uncharged 
PTFE sheets framed on a thick aluminum sheet, carrying 30 PE pellets randomly 
placed on its surface. This setup was placed on a reciprocating table and shaken for 5 
minutes, when it was mounted on the swinging arm of the inclined plane, this was 
gradually raised in 5° steps and the number of pellets sliding at each angle was 
recorded. Thirty pellets only used in each run to avoid mutual interference while 
sliding but this number is insufficient to produce reasonable statistics. For this reason, 
these experiments were repeated at least thirteen five times and pooled. The shaking 
steps as well as the friction angle measurements were video -recorded to document 
that pellets slid and did not roll, during these experiments. 

Lateral force microscopy (LFM) was done on PTFE 5 mm square pieces cut from 
1.5 mm thick sheet, cleaned by immersion in ethanol followed by drying under 
air and imaged in contact mode. A scanning probe microscope (SPM-9600, 
Shimadzu) was used with gold/chromium backside-coated silicon nitride probes 
(OMCL-TR800PSA-1, Olympus). The LFM scanning system is enclosed within an 



environmental chamber control under controlled temperature (25 ± 1°C) and 
relative humidity (50 ± 1%). Force-distance curves between the tip and an incom- 
pressible sample (silicon wafer, Ted Pella) were used to determine the normal 
deflection sensitivity, defined as the slope of the f-d curve after the AFM tip makes 
contact with the surface 47 whereas the spring constant was calculated via Sader 
method 67 ' 68 . Topographic and lateral force images (512 X 512 pixels) were obtained at 
0.25 Hz scan rate 90° relative to the direction of the long axis of the cantilever, while 
the normal load was kept at 12 nN. Calibration of lateral forces followed the widely 
used wedge calibration method 42,43 . For the wedge method a 2D200 XY-Standard 
sample produced by Nanosensors (Neuchatel, Switzerland) was imaged in contact 
mode at a scan angle of 90 degrees under different loads. The standard sample consists 
of a 2-dimendional lattice of inverted square pyramids with 200 nm pitch, sidewall 
angles of 0 = 54.7° and etched into a silicon chip (for more details see Supplementary 
Fig. S3). Fractal dimension D of topography and lateral force was calculated using the 
box count method: as implemented in Fraclab version 2.0 (developed by INRIA, 
Saclay) toolbox of Matlab version 7.12.0.635, R2011a or using the public domain 
software ImageJ 1.44o 69 . Force distance curves between the tip and neutral or tribo- 
charged PTFE were recorded using the same AFM setup described to LFM. 
Measurements were performed in randomly chosen locations while the normal load 
was kept at 12 nN. 

Electrostatic potential and charge measurements. The scanning apparatus for non- 
contact electric potential measurements and the controlling software were built by 
Optron (Campinas). Samples are held on a 10-mm thick aluminium plate and 
scanned in the x-y plane with a disc- shaped 5 mm diameter Kelvin electrode kept at 
2 mm above the surface and connected to a voltmeter (347, Trek). This measurement 
range is ±3.3 kV. Electrostatic potential scans started immediately after sample 
preparation. Time allowed for the electrode equilibration at each pixel is 1 s. After 
potential measurements, samples were placed within a Faraday cup for charge 
measurement using a 6514 electrometer (Keithley Instruments). 
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